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Mic:rovoicls in Glass-Filament-Wound Structures: 
Their Measurement, Minimization, and Correlation 

with lnterlaminar Shear Strenitb 

A. G. SANDS, R. C. CLARK. AND E . .J. KoHN 

Orga11ic arul Biological Chemistry Bra11cl1 
Chemistry Divisio" 

,\b5tract: !\licrm·nids in glass-filament-wnund cmnpnsites are being im·estigated tn de,•elop a reliable 
resean·h method fm· the c1uantitati\·e measurement of u•id nmtent in these structures. to de,·elop 
techniques fin· rninimi1jng the number of mio.:nl\'oids in the nnnposites, and to determine how signifi
c::mtly mids affet'l the struo.:tural integrit)' of the finished compusite. The NOL glass-filamcnt-wnund 
ring is being used as a model. 

A 'statistiGtl pnint-cmuu method ;KI••I•tcd from pctrugraphit· mud;ll analysis has been studied as a 
•luantit;ui\·e ttK•;ms uf measuring ,·oid nmtcnt and tclllati\•cly a111JCars tn be a mure 1•recisc, r;tpid. and 
\'ersatile meth<HI th;m nther tco.:hnic1ues pnosently IJCing used, cs1x:cially :11 lnw-\·nicl-cnntenl fe,·els 
(< I ml-%). LA>w-\•oid-contelll (<I \'ol-%) filament-wuund NOL rings ha\'e been fabricated by a con
tinuuus sinl(le-strand-windin~o: prut:t.'SS ;md n-sin impre~o'lmtiun at redm·ed pressure with the ,·acuum 
a1•1•licd nul\' to the resin b:uh. Wurking nf the strand during the resin im1negmniun s1e1• b)· \'arious 
•·onfil(ut·;niuns uf .:uide mils and str;md \·ihrating dt·vices ciiiJCr ill illmosphcric m· t·edu<:ed pressure 
was rel;ni\·el)· ineffecti\•c in deueasing \'oid content as compared \\'ith \·acuum rc.-sin impt·cgn:ttion alune. 
Regressiun nnn:latiun illlill)·si~ studies h;n•c shuwn that a linear im·erse t·clatiunship exist· '"'tween the 
intel'laminar shear strength ;nul the vuid cuntelll nf NOL rings and that \'oicl omlelll i~ .. . c 111·imary 
fa•·tm· intluenc:ing imel'lamin;u· shcotr stren~ooth. The high degree uf correlation between interlaminar 
shear strcnwh and \'oid nmtcnt derived frmn tbe statistical •·egression correl;nion analysis is jndirect 
sup1•11·tin~t e,·idenc:e th;n the point-cmmt meth<HI lot· the quantitative me01surcntent of the void cumcnt 
uf •·um1111Silc structurt•s has a relat.i\·ely high degree of predsion. 

INTRODUCfiON 

The itwesti~ot<llion of micro\•oids* in glass
fil;unem-wouncl structures has three principal 
objectives: 

I. The de\•elopmenl of a reliable research 
methcxl fur the quantitative measurement of \'Oid 
content in glass-filament-wound structures: in 
particulctr. a methcKI <~<:curate al \'ery low \•oid 
contents; 

2. The de\•clopment uf techniques for mini
mizing ' 'nids in these c·nmpusites; 

3. The correlation of \·oid-conlenl with certain 
mechanical 1noperties of the ~-tlass-reinfnrced

plaslic (GRt,) !:tntcture tu determine huw si~-tnifi
•:antly \'oids affect the slrucl.ural integrity ul' the 
finished composite. 

The NOI. glass-filament-wcmnd ring is being 
used as a model in this in\'estigation sinc·e it is 

NIU. l'"'hk•m CU:I-19: l'n~'t·t Sf' U2U-114-UI - HMIII. T his is an inct·rim 
rrpurt: " 'urk em tht· pruhk·m is nnuinuinJ(. \lauu(( ripr suhminc.•d 
Ortuh<·r I I. I ~lfil;. 

•t·or the· puqH•sc· uf 1hi" rq»urt , ,1 mit ru\uitl i~ clc.:fnlt'cl.ts .t \uicl h:n ·in):, 
.tn ,t\t:r;egc· c rnSS·~-··Iiun.tl cli;um·h ' l ol lt'""i I h :111 !'1H p. (U.u ;", 111111). 

simple and is one of the most widely accepted 
industry "standards." Initially, single strand 
winding is being used so that the several ' '<Uiables 
may be more easily observed. The winding 
apparatus was designed as simply as pussible con
sistent with proper quality control. 

Following the next sect.ion this interim report is 
writ.ten in three main sections which describe the 
progress made Inward partial fulfillment of each 
of the abO\•e t.hree o~jectives. 

GENERAL TECHNICAL BACKGROUND 

The' tate of the an of fabricating glass-lilamenl
wounc.t :.tntelures has ad\lanced In the stage where 
the climinalicm of large \•oids has lx-ccnne less of a 
prublem if proper c1uali1y wnlrnl is praC'Iiced in 
the winding pmcess. On the other h<md. the pres
ence of min0\o1ds has lar~-tely been ignort'd until 
relati,·cly recently. That such imperfections tnay 
contribute significantly 10 composite failures has 
now been recognized as the result of work by t,aul 
and Thomson (I). Hand (2). and Fried (3). 
Bascom (4) has demcmslraled thai micrmuids arc 
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inherent in the glass-filament-winding process 
and that these result from entrapment of air in 
the interstitial spaces between the filaments. The 
air is not displaced by the resin binder because of 
the high resistance to flow of the resin along and 
between the filaments owing to poor wetting of 
the filament surface by the resin. These thin inter
stitial voids are particularly deleterious, since they 
generally have very short radii of curvature at 
their ends; because of this sharp curvature they 
act as regions of stress concentration from which 
cracks can initiate as a load is applied to the 
material (Ref. 4, p. II of Part I). 

The structural properties which · appear to be 
most influenced by \'oids, as indicated in the 
limited literature to date, are interlaminar shear 
strength and compression strength. Hand (2), 
using Hat, 2: I orthogonally-filament-wound panel 
specimens, found that interlaminar shear strength 
exhibits a linear, inverse relationship to \'oid 
content within the "zero" to 6 vol-% void range 
he im'estigated. The void content was determined 
by an ultrasonic method. 

Fried (3} showed that a similar relationship 
existed between the void content and the com
pression strength of orthogonal composite 
materials. Consistently high interlaminar shear 
strengths (12,700 psi) were obtained b)· Paul and 
Thomson with filament-wound NOL rings fabri
cated in a moderate vacuum (ca. 10 mm Hg) by 
enclosing the whole winding operation in a 
vacuum chamber. A high degree of transparency 
was also exhibited by these specimens which was 
attributed to low void content. 

Adequate evidence is presently not available, 
but other composite properties are undoubtedly 
affected by void content. One important example 
may be fatigue life, which is dependent on multiple 
variables im,olving stress and/or strain. An im
portant variable in the fatigue process is the 
presence of stress concentrators (5), and voids 
are a well-known \'ariety of this category. 

The correlation of \•oid content with the 
mechanical properties of a composite is presently 
limited in part by the inability to determine ac
curately the void content, particularly at low mid 
levels. Usually the void contem is calculated gravi
metric.tlly. on the basis of density and glass content 
determined by ignition. Procedures based on 
ultrasonic attem!-Uion and x rays are used less 
extensively because of the rather elaborate equip-

ment required. However, it is belie\·ed the resolu
tion of the latter two methods probably is too 
low to even detect the microvoids with which this 
report is primarily concerned, unless a large 
number are b'Touped together. The shortcomings 
of the gravimetric method will be discussed huer. 
In spite of the limitations of these methods, 
references are made in the literature to "void
free" or "zero-void" composites, and even negative 
volume-percent void cont.ents are dted. It is 
doubtful if any of these structures arc void-free 
with respect to microvuids, as a careful micro
scopic examination of thin sections would probably 
reveal. Se\'eral "void-free" composites examined 
at this Laboratory contained numerous micro
\'oids, although the total void content was low 
compared with the amount usually found in 
similar structures. 

Efforts are being directed, therefore, to derive a 
precise, accurate research method for determining 
very low ,-oid contents in these structures. Since 
the distribution and type of void are also important 
for understanding the role of \'oids in •·elation to 
mechanical properties, statistical optical counting 
techniques similar to those used in petrography 
and metallobrraphy are currently being investi
gated as one approc.ch to solving this problem. 

COMPOSITE EXAMINATION AND 
VOID CONTENT DETERMINATION USING 

THE UGHT MICROSCOPE 

The light microscope is a versatile research tool 
with which \'aluable information regarding the 
fine structwre of glass-reinforced epoxy composites 
may be ('lbtained (6). If the specimens are pre
pared properly. then filatw~nt size and packing, 
resin distribution, and defects such as \'Oids, 
foreign mate rials, and crossed filaments o m he 
obse rved and studied . In addition to qualitati\"e 
information gained from the examination of the 
composite structure, light microscopy oHe rs a 
potential means for <1mmtitatively dete rmining the 
void content. Both the qualiL'Itive and quantita
tive applications of light microS<:opy will be 
presented afte r a brie f dis<:ussion of some of the 
shortcomings of the gravimetric method, which is 
most commonly used for \"oid nmtent. analysis. 
As will be shown, the precision of the gravimetric 
method. particularly with composites having low 
void contents, is inadequate to del1ne the void 
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content accurately for correlation with a mechan
ical property. 

Gnrimelric: Mediad f• 
Detenaiainc eo.po.ite Void Coaleat 

The gravimetric method for determining the 
void content of glass reinforced composites is 
cakulated from the density, and glass content 
obtained by ignition, using (6) the equation 

p{ 1 - p F,) -~ 1 - F,) X 100 
vol-% voids= Fp, If' 

Pr -- Pa 

where 

Pr = density of resin 

p =-tensity of composite 

p, = density of glass 

Pa = density of air (considered zero) 

F = total weight of sample 

F, =weight of glass after ignition. 

The precision of the method is probably 
adequate for composites containing a relatively 
high volume percent of voids, but when used for 
the determination of void content in the range 0 to 
1.5 vol-%. the input values available and experi
mentally derived for some of the terms in the 
equation are not sufficiently accurate to provide 
void-content value~ that are outside the experi
mental error of the method. The uncertainty of 
the glass density p, which may vary from 2.48 to 
2.50 introduces a possible error of ±0.5 vol-% 
depending on which values are chosen. Great care 
must be used' in determining the composite density 
p, since it is determined by weight differences in 
air and water, and problems of complete wetting 
of the specimen surface and penetration of pores 
and flaws by the water may readily introduce 
errors. The presence of foreign material which 
is not removed by ignition and is included in the 
weight of glass F, introduces additional error. 
Although some of the errors may cancel each 
other, in some cases they may be ad~itive. There 

is no way of knowing exactly the total error con
tributed by these defects in the gravimetric 
method for determining void content, but a con
servative estimate indicates a possible error of at 
least± 1.0 vol-%. Other techniques of determining 
void content, as mentioned earlier, are also limited 
when determinations of very low void content are 
required. The investigation of petrographic 
modal analysis techniques, to be discussed as part 
of this section of the report, is an attempt to find 
a more accurate method of determining the void
content of glass-filament-wound composites when 
very low values are involved. 

Prepanlion of eoa.,...ite 
Microeeopy SpeeiiDeiiS 

The specimens for microscopic examination 
were prepared from segments cut from a glass
filament-wound NOL ring for interlaminar shear 
measurements using the horizontal beam method. 
The segment was mounted in Blocking Wax No. 
48• on a microscope slide and 10-to-20-mil-thick 
cuts were made with a diamond saw: several in 
the cross-sectional or normal-to-the-fiber direction 
and several in the transverse or parallel-to-the
fiber direction (Fig. I). After a·emoval of the wax 
the cut specimens were mounted on the bed of a 
surface grinder using double-coated adhesive 
tape and were grouno. The transverse specimens 
were ground to 4 to 5 mils in thickness and the 
cross-sectional specimens to I 0 mils. The speci
mens diaintegrated when attempts were made to 
grind below these thicknesses because too little 
resin binder remained to hold the glass filaments 
together. After grinding, surface contaminants 
were washed away with water and alcohol. For 
only a quick estimate of the degree of void inclu
sion or for rough comparison with other speci
mens, segments were cut into thin slices with a 
hand saw and sanded smooth with 400 silicon 
carbide paper. 

Further polishing of the specimens was un
necessary, since cuts, scratches, and other sur
face imperfections that fine polishing would 
eliminar~ were masked by applying a thin film 
of isopropylbiphenyl to the specimen surface 
before viewing under the microscope. The 
effectiveness of this treatment is illustrated in 

• Uni\·rnal Shellac· O unpany, 540 ln·ing 1\,·rnur. Rrnuklyn, N.Y. 
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TRANSVERSI Olt 
'AMUIL·TO·THE·FIIP 
DIRECTION 

Fig. I - Schemalic drawing of 1he lhin 5Ct'lioning uf ;m 
NOt ring scgm~nl for light microscop)· examina1ion 

f--- 0 .1 mm •I 
(a) a ICCtion befo~ applinlion of i50propylbiph~nyl (b) 1he sa~ scclion ilfler applica1ion of isopropylbiphen)•l 

•. il(. 2 - Ph01omkrngraphs of I(I:L~s-tilamcnl-wound-composil~ crms ICCiion showing the effcc1iveness 
of a 1hin film of isoprop)•lbiphcnyl in masking surface imr~erfectiuns (450X) 
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Fig. 2. Any low-viscosity liquid which has a re
fractive index approximating that of the resin and 
will not react with it would probably work as well, 
since the function of an applied film is to reduce 
light scattering by the rough surface of the 
specimen (4). 

qp.lillldve En•i'Nidoa of Colapoeite 
Slructura with the Lipt Microecope 

The microscopy equipment used in this work 
was an American Optical Co. trinocular micro
scope, Model XL-IOTG-Q.W, equipped with a 
4 by 5 in. Graflok camera back and Polaroid Land 
film holder No. 500. Polaroid Polapan Type 52 
film was found to give the best results in the 
photography. 

For most of the studies transmitted light was 
used which gave a bright-field, high-contrast 
image. An oblique reflected light was used oc
casionally, which produced a dark field image, but 
the contrast was inferior to that obtained with 
trans~d light. 

O.lmm 
I--f 

(a) Transver~e wction (IOOX) 

Paul and Thomson (I) have roughly classified 
voids found in glass-reinforced-plastic composites 
into four categories: general, inrersritial, planar, 
and craze voids. Essentially, they were grouped 
on the basis of their origin and to a lesser extent 
on their size, whereas in this investigari. n the 
average cross-sectional dimension of the voids 
was used as the criterion of classification. Applica
tion of careful quality controls in winding the 
NOL rings and the various techniques used for 
minimizing voids, essentially limited them to 
small or microvoids which corresponds to the 
interstitial and the lower size range of the general 
categories of Paul and Thomson. Craze voids 
or cracks, which result when the composite 
structures are highly stressed may occur in the 
fatigue studies associated with this project, 
but that phase of the program will not be dis
cussed in this report. 

Figures 3(a) and 3(b) represent typical photo
micrographs of trans\•erse and cross-secti•1nal 
specimens, respectively. These were chosen to 
show the different types of voids as well as typical 

(b) l:ross wction (450X) 

Fijt. 3 - l'hulnmkm~t•••phs uf ·~vkallhin S«tions of glass-lil;mlclll-"'"uml ~01. ring sc~tmcnls 
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O.IINft ........ 
(a) Transvaw l«<ion (IOOX) (b) <:ross section (450X) 

Fig. 4 - PhocomicrogTaphs of thin sections of NOL rings which, in comparison with the secticms of Fig. 3, shows the 
. effect on the void content and packing of gla5s filaments of increased winding tension (180 gas COITIJ)llrcd with 130 g 

in Fig. 3) and resin impregnation of glau strand at reduced pressure. 

structures comprising the NOL rings. Figure 4 
illustrates the change in structure and void size 
when the ring is wound at higher tensions and the 
strand is resin impregnated at reduced pressure. 
Some of the voids may lie just below the surface, 
but these can be brought into view hy slightly 
changing the focus of the microscope. Manipula
tion of the focal plane can also be used to dis
tinguish between true \'oids and foreign material 
imbedded in the resin matrix. In addition to voids, 
cross-sectional specimens may be used to deter
mine glass-filament diameters, glass-filament 
distribution and number, resin-rich are<rs. and 
for~ign materials. 

Ordinarily the microvoids <tre about two to 
three times the diameter of the filttmelll itself. 
However, micrO\'oids have OCGtsion;tll)' been ob
served as small pockets of air. st.-cmingl)· <tllitt'hccl 
to the glass filaments, which arc smaller iu d iam
eter than the glass filament (fig. 5). The urigin 
of these flaws is uncertain. 

All of the components of a filament-wound com
posite are potential sources of voids or flaws. 
Reference has been made to the interstitial spaces 
between the filaments as nne source nf \'oids. How
ever, the coated filament itself appears to contain 
voids which probably are formed when the fila
ment finish is applied. These G tn be seen as minute 
bubbles in the coating. as show~1 in the photu
micrographs in fig. 6. This sort of flaw is almost 
impossible to currect, since the enntpsulatecl air 
cannot be replaced by the resin binder unless the 
finish happe ns to be readily soluble in the resin. 
Huw deleteriuus these minute voids may he tu the 
structural strength of the compusite is nut known. 

MitTOSCOJ,ic examination h<ts also revealed other 
clcfens besides voids in 1 he glass strand which 
represent a potential som·ce of structural weak• 
ness. namely. foreign material looged between or 
att<tc:hed to the glass filaments. Figure 7(a) shows 
what is believed to be a glass chip lodged between 
!K!Vcral fil&unents nf a strand. Whatever the 
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AIR BUBBLE 

GLASS 
FILAMENT 
PLUS f i NISH 

Fig. 5 - Photnmicrograph nf an air bubb~ 
attached tn glass fil;u~nt ( IOOOX) 

(a) Foreign body in gla.~5 strand 

O.Oimm 
t---t 

Fig. 6 - Photomicrograph of occluded \'Oids m the 
HTS finish of an S-glass filament (IOOOX) 

(b) Same type material showing the ineffecti\·ene55 nf a 
burnoo(}ff at 1200"F in remm·ing a foreign hod~ 

f'ig. i - l'hotominographs of litreign bodit•s (perhaps glass ,·hips) kxlged between the glass lilaments of a str;md 

7 
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composauon, this type of foreign panicle was 
not removed by ignition at 12000F (Fig. 7(b)). 
Such foreign bodies were found to be fairly 
common throughout the several packages of 
yarn examined. Broken filaments were also 
quite evident throughout these filament. pack
ages. These and other \'ariables, such as the 
reproducibility of winding test specimens, and 
the precision of the mechanical test methods 
all combine to present a rather complex situa
tion to analyze when attempting to correlate 
void content with a mechanical property of a 
comphsite. 

Detenni...aioa of the VoW Coalent of Ga... 
Reinforced Cotapoeites by Opdcal Meaas 

Modal analysis techniques have been used tor 
m<my }'Cars by petrographers and metallographers 
for estimating the volume constituents of rocks 
and metals (7). The composition of a material 
expressed in terms of the relati\·e amounts of 
constituents actuall}" present is called a mode. 
The procedures by which the compositions are 
determined is called modal analysis. Nearly all 
modes are estimated by areal measurement per
formed on thin sections under the microscope. 
Although there are a nm.1ber of variations, they 
are based on one of two methods to obtain a 
reliable estimate of the relative proportions of the 
measurement area and hence the volume (7) 
occupied by components of different species: 
by adding the intercept lengths for each species 
along a set of parallel equidistant lines, or by 
counting the number of points in a symmetrical 
grid which are underlain by each species. These 
are the line segment. or lineal analysis, and the 
point-count techniques. Hilliard and Cahn (8) 
treated five methods of metallographic analyses 
and concluded that the mo!U efficient method was 
a systematir two-dimensional point count. Both 
the line-segment and point-count techniques have 
been applied to the volume fraction analysis of 
voids in filament-wound composites. The point
count method was found to be faster and less 
tedious, so efforts have been concentrated on 
developing this method as a means of determining 
volume void content. 

AdapUiion of the Syllelllalk 
Two-Dilaeasioaal Point-Count Technique 

for VoW-Volume Delenni...aion 

The line intersections of Cl g1·id superim1x,sed on 
e~n area of the specimen under a micruscope are 
the points under which the count is made. A net 
micrometer disk 10 mm sc1ucu·e in the eyepiece of 
the micruscope co\·ered a specimen area with 
100 points. A \'oid which fell under any point 
was counted (Fig. 8). A magnification nf 450X 
was used for counting microvuids, which provides 
a grid ,;oarsc enough that nut more than nne point 
falls on a ,·oid, a necessar}" wndition according to 
Hilliard and Cahn (8). After the I>Oints with voids 
under them in a gi\·en area were counted. the 
specimen was moved horizontally by a \'erniea· 
a~justment of the microscope stage and the count 
repeated in a new area. In this manner a line nf 
ten grids, or 1000 points, was superimposed on 
the specimen and the voids falling under the 
points totaled. 

The volume percent of voids is 

lOOP,. 
P, 

where P,. =number nf points falling on voids 

P, =total number of grid points. 

The precision of the method has been studied 
by Howard and Cohen (9). They show that the 
number of measurements necessary to achieve a 

100-POINT 
GRID 

! 

• 
['.,. 

\ 

VOID FALLS UNDER A :-j 
POINT AND IS COUNTED 

. ---
THE NEXT 100-POINT GRID AFTER 
MOVING THE SPECIMEN 

-POINTS 
.// 

,/ / 

----f- SYSTEMATIC INTERVAL - -
VOID DOES NOT FALL UNDER A 
POINT AND IS NOT COUNTED 

•. iK. 8 - Schematic diagram showing the point-count 
technique for the determination of \'oid content in GRP 
composites 
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95% confidence level, so that the trror of the mean 
will not exceed ±I%. may be calculated from the 
equation 

These equations represent the prec1s1on with 
which measurements are made and not necessarily 
the accuracy. A large error could enter the mea
surements because of bias or some other reason; 
the results would ·be as precise as the equation 
predicts but not accurate. The precision increases 
with the number of traverses or grids measured. 
A typical point count of voids in an NOL ring 
segment and the calculations of the volume per
cent of voids, standarri deviation, N~Wl ~ •·r.,. anJ 
N!Wf.~(t /4~ are shown in Fig. 9. 

where 1'1 ==variance 
& ==standard deviation. 

Similarly* 
NIWI,~(I/411> == 64 y I• 

•n~ri~ecl hy 8 . N. N;n•icl arHI J. 1'. Grinrn. Mattr.,nratic;ol l'hyoin 
Branch. Solid Stare l>ivioicm . NRI.. 

This method of determining the volume per
cent of voids in glass-filament-wound composites is 

Segment I (P, = 10,000): 

I 2 0 I I 0 0 0 0 0 5 

0 3 0 0 2 0 0 0 0 0 5 

I I 0 0 0 0 I 2 0 0 5 

3 0 0 0 0 0 I I 0 0 5 

7 4 2 6 3 4 9 2 9 I 47 

0 2 0 0 0 I I 0 0 2 6 

I 0 I 0 0 0 0 5 0 0 7 

I 0 0 I I 0 0 0 I 0 4 

0 0 2 I 0 I 2 3 0 2 II 

7 3 4 4 5 I 2 3 2 3 34 
Pr = 129 

I .d lOOP. 100 X 129 
= 1.29% \'{) -% \ '01 s = ---= 10,000 p, 

Segment Vol-% ~-nX1 
No. Voids stand;.rd deviation = s = ~ _ 

1 

I 1.29 X = vol-% \'oids in one segment 

2 1.93 X = Arithmetic mean of the= J 16.7 - 15.9 
3 0.82 vol-% \'Oids in all 9 
4 1.19 segments 
5 1.49 =0.3 
6 1.07 M = number of segments 
7 1.15 variance II, = s1 = 0.1 
8 1.35 
9 1.09 N-~,,. = 4V.r = 0.4 

10 1.26 

Ar 1.26 Nwr.~(I/4)'A = 6411., = 6.4 

··ig. 9 - Pnrccdun: for calculating the volume percent of voids using the 
s,·stcm;llic point-cmrnt mndal analysis method (NOt Ring. Nn. NRt-14) 
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presently being studied by NRI. statlstloans in 
an attempt to asce rtain the accuracy of the mea
surements, including the number of grid points 
and number o f specimens necessary to <H hieve a 
briven accuracy. Tentative results of this study 
indicate that if unifi1rm randomness of \'oid distri
bution in the spec:imen is assumed, the N!rr,'l nlll
lidence level = 4V.r fiu· obtaining I £X pre<·ision 
or the N!ra<;. confidence Jc,·cJ = 64V.r fiu· ohtaining 
1/4% precision may be applied to the numhcr of 
grid points measured and not the number of 
spe<·imens. This implies that only one spe('imen 
need be measured, pro\'ided the ,·oid distribution 
and specimen selection is truly ran{lom. 

EXPERIMENTS TO PRODUCE 
LOW-VOID-CONTENT 

GLASS-FILAMENT-WOUND NOL RINGS 

Experimental Glass-Filament
Winding Apparatus 

T he single-strand experime ntal glass-filament
winding apparatus used f(u· fabricating the NOI. 
rings is shown in Figs. Ill and II. The glass strand 
milk-bottle spool (fig. ll(a)) is \'ertically mounted 

on the shaft of a ( ;e ne ral Electric CR-9540 
hyste resis brake, which pro\'ides \·ariablc tension 
('ontrol to the strand as it tran·ls m·er guide 
pulkys to a 14-in.-loug, :~-it1.-widc . 2-1 /2-in. deep, 
glass resin impregnation hoat (fig. II (h)). Ten
sion on the strand is furtht~r ('ontrolled as it lea\·es 
the impregnation hath h,· passing it 0\'t'l' a guidt· 
pulley attached to the shaft of a not her h\·stt:resis 
hrake. The strand is guided onto the ring mandn:l 
(Fig. II (<")) hy passing it through a slot nil in a 
nylon spool whi<·h is mo\'ed in a horizontal recip
rocating motion hy an ofl'-<-cntn c un. The 
re<·iproc;ll ing speed of I he IC\·el winder is syn
chronized with the rotating speed of !Itt' mand rel 
so that the strand is la id down c\·enl\' ;1s the 
winding pro<·eeds. The simple arrangenwnt of the 
apparatus permit s cas\' ohsen·ation of an\· part 
during a winding operation and facilitates modifi
('ations and altl·rations. 

Materials and Winding Conditions 

T h(• resin syste m used was Epon H26/ :\ll'th\' l 
:"'ladic Anhydride (85 phr*)/henzyl dimcthylamine 

bl(. 10 - 0\'erall view nf an experimental si n~o:lc-st rancl 

:'1>01. ~o:lass-lilarn<·llt · wirulillg app;rralrrs 



N RI. RH'OR r fi4!1H 

(a) Mnuming and brake with a milk
hottlt• sp<H•I ftoccling- out the glass 

(b) Resin impregnation boa t 

''"""d 

RECIPROCATING STRAW} GlJilll 

(c) Lc\'t'l winder asscnthl\' and ~01. rin~: mandrel 

Fig. II - Tit .. 111ai11 '"'"I"'III'IIIS " ' th .. t'XIK'I'illlt' llt.tl 'iuglt·-,ttaud '\01 riug 

g l." s- lil:tntt' llt "iudiug "1'1''"""" sh .. wu iu Fig-. 10 

II 
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(I phr). The composites were cured for 2 hours 
at IIO"C, 2 hours at 140°C, and 2 hours at 
175°C. Before winding, the resin was filtered 
and then was deareated on a modified Rinco 
evaporator system described in an earlier re
port ( 10). During winding, the resin tempera
ture was maintained at 54°C by means of a re
sistance heater shaped to follow the outside 
contours of the resin boat. 

The glass filament reinforcement used was 
Owens-Corning Fiberglas S-994 ~TS coded SCG 
150/1/01 X 901-994. Except during actual winding 
operations, the spools were stored in polyethylene 
bags in a refrigerator at -10°C. 

Initial studies using the experimental winding 
syste-m were directed toward finding the optimum 
strand tension and resin bath temperatures. 
Strand tensions measured with a Kidde-Sipp ten
siometer were varied from 50 grams to 130 grams. 
A tension of 130 grams appeared, from micro
scopic examination and glass-content detennina
tions, to give the greatest uniformity of structure 
with respect to resin and filament distribu
tion and was selected as the standard winding 
tension. Subsequent additions to the . winding 
train and other modifications caused changes 
in the winding tension at various times and 
are so designated. Variations in resin bath 
temperature from 43°C to 81°C apparently had 
little effect on the final ring st.ructure or the 
winding process, so 54-55°C was arbitrarily 
designated as the standard resin bath tem
perature. 

Resin lmpreption of the 
Glass Strand at Reduced Pressure 

Paul and Thomson (I) first demonstrated that 
when the whole winding system was enclosed in 
a chamber and cylinders were wound at reduced 
pressure, composites were produced which had 
low void content and exhibited consistently high 
interlaminar shear strength values. Microscopk 
examinations showed the presence of micmvoids 
in low concentrations ,,s compared to similar 
structures wound al atmo~pheric pressure. How
ever. fabricating large strunurcs in such a \·acuum 
system presents for:nidablt: engineering problems, 
so efforts nn this project have been directed toward 
winding NOL rings with onl\' the resin impreg-

nation pot at reduced pressure, which, if success
ful in producing low-void structures, might be 
practical for large-scale operations. 

The vacuum resin-impregnation chamber is 
shown in Fig. 12. A 2000-ml three-necked resin 
reaction flask fitted with capillary tubes which 
served as entrance and exit ports for the glass 
strand was first used as a resin impregnation pot. 
A Megavac pump was attached to the center neck 
of the flask. The strand was guided horizontally 
through the bath by two small nylon guide rolls, 
and a slit rubber wiper located just under the 
capillary exit port removed excess resin from 
the strand as it left the resin bath. With this 
arrangement a vacuum of 5 mm Hg was obtained 
iu the resin chamber. However, air drawn down 
through the exit capillary port created many 
fine bubbles in the resin which adhered to the 
strand as it came through the capillary. The 
resin pot pressure was reduced to 3 mm Hg 
by attaching to both entrance and exit ports 
a \'acuum roughing chamber consisting of capil
laries and glass cylinders through which the 
strand passed and to which other vacuum lines 
were attached. Hence, the air drawn through 
the strand exit capilla ;y was greatly reduced. 
which alleviated the bubble lcH·mation in the 
resin as the strand passed through the exit 
capillary. 

The 50-gram tension on the strand befcH·e it 
entered the resin chamber increased to 180 grams 
as a result of passage through the system, and the 
rings were wound al this increased tension. Ob
viously, at this higher tension the glass content of 
of the composite was increased. 

Data summarizing the effect of \'acuum resin 
impregnation of the glass-wound reinforcement 
on void-content and inlerlaminar shear stren!{lh 
for four NOI. rings fabricated with this equipment 
are shown in Table I. 

Ring 15, the control. was wound under the same 
conditions as the other four rings except tl•at the 
resin was impregnated al armosphcril· pressure. 
II is belie\'ed the relali\'ely low \'oid nmlenl and 
hi~her interlaminar shear 'a lues in comparison 
with 1 hose usually obtained in standard winding is 
a11ribt11ed to the hi~her winding tension which 
may tend to "press nut" some of the \'oids. The 
inuease in winding tension also h'l\'es a more 
compact slrm:ture with increased glass conlenl 
ancl fewer resin-rich areas. 
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Fifo(. 12 - Reaction vessel for resin impregnation of the glass strand at reduced pressure 

TAli I.E I 
Void Contc:nl and lnte rlaminar Shear Strength of NOL Rings 

Fabricated from a Class Strand 
Impregnated ''ith Resin at a Chamber Pressure of 3 mm Hg* 

:"\01. (;lass Voidt I ntt•rla lllinar Standard ( :oefficient o f 

Ring Contt•nt ( :o 1111'111 Shear Strength Deviation V ;rriat ion 
:"\ tt111hcr (wt -t.:i ) (ml- ~ ) ( HI-" ps i) (p si) ( '/f ) 

15t 82.9 2 .4 11.4 :lt18 2.:\ 

14 R4.8 1.6 12.i :~ 18 !l .!") 

:l:\ - 1.1 I :3 . 1 43:) 3 .3 

:l4 85.2 (l.li I :, .:l :\65 2.i 

:l5 - 0 .4 12.9 :W2 2.3 

t ( :n nttol - nn \,It tlllltL 

t llt•l t ' fiiiiiH'd fH llw pomt-tuun t tllt'thnd . 

ENTRANCE 
CAPILLARY 

VACUUM 
ROUGHING 
CHAMBER 

RESIN 
REACTION 
FLASK 

13 

FRAME AND 
GUIDE ROLLS 
TO GO 
IN BATH 
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Higher values for the interlaminar shear 
strenbrth and lower void content as compared to 
controls wound by the standard winding process, 
were also obtained from rings fabricated else
where by a proprietary winding process (I I). In 
this instance, the glass content exceeded the con
trols content by approximate!)' 6%. However, 
details of the winding pmcess are not available, 
and although the effect of higher glass content 
on void content and interlaminar shear streng-th 
parallels experience in this in\'estigation , it is 
only conjenure that the obser\'ed phenomena are 
re lated. 

Vibration of the Glass Strand 

Basmm (4) obser\'ed in his studies on the origin 
and remo\·al of mino\'oids in filament-wound 
composites that the numher of \'oicls in ;1 strand 
was marked!~· reduced if till' strand tension was 
fluctu a ted as the stra nd passed throug-h the resin 
bath . Tilt' aht'l'natt• releast· and appli1 at ion of 
strand tt·nsion apparent 1\- pt·rrnittt·d the don
g-a ted min o \·oids to pull 11p into 111ore splwric ll 
shapes and thus to lx· more easih detachl'CI. This 

e A'ect combined with good wetting of ihe glass 
by the impregnant gave the lowest void count. 
The eAct:t was less pronounced when using an 
epoxy resin whid1 had a relati\'ely high tonta('( 
angle wi· h 1 he HTS finish on the glass filaments 
and umsequent ly poor wetting- characteristics. 

In order to determine if this treatme nt would 
pro\'ide a means fi11· redlKing- \'oid u mte nt and 
increasing interlaminar shear strength of a com
posite. a doorbell coil was mllllllled m·e•· the rcsi11 
hath and the suhm·Tg-ed strand passed tlHough an 
eyele t att ached to an extension of the doorbell 
dappe r as shown in Fig. 13. This arrang-ement 
\'erticall\' oscillated the strand ·•t a frequt'IK\' of 
approximately I !lOll qun. Howe\·er. 1 he 1 real me nt 
hy itself was not particularly efl'ct:ti ,·e . si tKe ,·;tlues 
of 4.2 ml-% and 10,600 psi were obtained fm 
the ring ,·oid content ;mel inte r laminar shear 
streng-th . respecti\·eh-. 

Heat Treatment of the Glass Strand 

The glass strand is made up of ~04 sing-le. HTS
coated filame nts with a strand twist of about one 
per inch. \!any of the indi,·idual hlaments appear 

WIPER 

BELL 
M OTOR 

BEL~ 
CLAPPER 
E XTE'JSI O'I/ 

Fi~. J:i- llt u1r ht' ll t l.tppt·t . n r.tn ~t' lltt' lll lnr \erlic .tlh \ IIH .tting tht: g l.t!'IS ~r ra nd duting· rl'~i n 

intprq.,!t l,tt irut . f i n .utu.tl ' 'l"' ' ·' ' j,,n til t' ... rt .l t lfl g ui•lt· '' ''''Ill .tnd tl.ttJI)(T ' '~til l. ll tll ''''"'t' tc ·d 
info tltt· tt·,in h,•,t l . ) 



SKI. K t. I'O K 'l ti 4 !1~ 15 

''' h~ loosely bomkod to ead1 other hy the HTS 
finish , which interferes with th~ n11nplcte im
prq~nation of each filament by the resin. In 
addition, as Bascom has demonstrated. the hiJ.th 
nmtact ;m~le exhibited by th~ resin on the HTS 
finish further pre\·ents fillinl-{ the interstitial mids 
between the filaments. In an att~mpt to separate 
thc filaments to assist in penetration of the resin. 
tht· strand was passed throuJ.th an 1~-in.-lonJ.t tuhe 
heated at ~H:l°C (54 7°F) just before entering the 
resin hath. The idea was that perhaps the filaments 
mi).{ht he at least partially separated by mehinl-{ 
the finish just as the straml entered the liquid 
resin . 1\o improvement was noted in ,·oid content 
or in interlaminar shear values as a result of this 
tn:atmcJlt. l\or did any imprm·t·ment result when 
the strand was heated in the san1e manner at 
2:>-1°( : (490°1-') just he fore wind in~-{ on the mandrel. 

Combined Vacuum Resin Impregnation 
and Working of the Glass Strand 

A vacuum chamber was constructed large 
cnouJ.th to provide space for the resin bath. 
additional ~uide rolls. and the oscillatinf.{ strand 
,-ibrator ;uTanJ.tement desnibed above for workinJ.t 
the ~lass strand as it p<~sscs through tl.e resin bath 

at redured pressure (FiJ.t. 14). One side of the 
chamber consisted of a 1-in.-t hit·k piece of flat 
Plexil-{las throuJ.th whirh the operation could be 
observed. This panel was remo\'ahle for <UTess 
to the chamber. In printiple the \'acuulll S\'stem 
and entrance and exit ports were essentially the 
same as used with 1 he smaller \';Kuum rcsin im
pregnation vessel. except that more cllicicnt 
\'acuum pumps were used. 

A series of windinJ.t experiments was per
fill·med to determine if a combination of ,·anHtm 
resin imprc~nation and workinJ.t of 1 he strand 
durin~ the pro<·ess would denease the void con
tent of the resultant composite. FiJ.ture I!"> shm,·s 
schematit· diaJ.trams of the ,·arious nlllfiJ.turations 
of ~uidc rolls used for working- the !-{lass strand. 
Diag-rams A. B. and C show successi,·ely inncased 
working of the strand after passinJ.t throuf.{h the 
resin bath while thinh· coated with the epox~· resin. 
Diag-ram D depicts work in!-{ of the strand in t ll<' 
resin bath by threading- the strand hark and forth 
thrmtgh a set of 1-{Uide rolls. and E is the doorbl'll 
clapper arrang-ement pre,·iously desnibecl. 

Data derived from these experiments <~reshown 
in T<1ble 2. I nueased workinJ.t of this glass strand 
within the \'acuum chamber. at least for the 
arrangements described, does not appear to offe r 

Fi~-: . 14 - l.ar~o:e \'acuum 'hamlwr to l11n1~e the ~-:lass-strand rcsin -impre~o:nation appa raws 
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A S·tt4·HTS 
GlASS STRAND 

,_--4.,_/ 

8 

c 
CIRCULAR 
WASHBOARD PULLEYS 

D 
TOP VIEW 

D 
FRONT VIEW 

E 

BELL MOTOR 

~1-¥i-l--~ 
BELL 
CLAPPER 

Fi~. 15 - ( ;uide-roll arran~t·mems for \mrkin~ 1 he ~lass sr rand 
durin~ the resin impre"narinn process 

TABLE 2 
Void Content and lmerlaminar She<tr Strength of NOI. Rings 

Fabricated from a Glass Strand Impregnated wid1 
Resin and Mechanically Worked in a Vanmm Chamber* 

Winding Resin 
lnte rlaminar 

1':01. Tension Vacuum Void 
Shear 

Standard Coefficient of 
Ring at the Chamber ( :onteru:j: 

Strength 
Dcviatic•n Variati<llt 

!': umbcrt Mandrel l'rcssurc (vol-%) 
( 11}1 psi) 

(psi) (<,f ) 

(g) (rnm Hg) 

2fi( .-\) I ~~IJ ll.:l-0.2 11.8:1 12.7 1 :liM 2.H 

2i(B) 1311 O.OH-0.111 0 .711 12.i7 2 10 1.11 

2!1(( :) I flO 1.0-0.H 2. 18 II .Hi ~43 2 .!1 

:W(< :) 160 atn t. 5.00 9.!)2 1111 l.li 

:\1 ( ()) I iii O.H -ll . .'"1 1.4!1 12.:li :lt!I"> ~-' 
:~2( () ) liO a tm . 3.611 I l .llfl !lli4 !l. l 

21'1(E) 1:w O.!l- O.:{.j 1.1 II .R!l 2!1:~ 2 .:1 

t llw lt•flt'f' in p.uc·nlht."~t'' u:lc.-1 In IIIC' ... tu:n~o~tit cli.tg r.tm' in Fig. I ~ •. 

any impr·m ·e ment with respect to interlaminar 
shear strcn~-tth and void content of the rin~-ts over 
fahrit'ation with ,·,rcuunr resin impre~-tnation alone. 
In fact , the increased working may be detrime ntal 
in some in'lt arKes. as indicated hy the values ob
tained from Rin~-t 29(C), which was worked over 

several guide rolls ami two <·irnrlar washhoard 
pulleys. Also, no imprm-ement was noted hy com
bining the· varuum resin impre~-tnat ion and vibra
tion of the ~-tlass strand with the doorhcll clapper 
arrangement (Rin~-t 28(E) ). :\~-tain, lower stwa r 
st renhrt h was obt aincd with this arr;m~-tcment 
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than ring fabrication with vacuum resin im
pregnation alone. This may be because of damage 
to the glass strand during the oscillation treat
ment. 

CORRELATION OF THE INTERLAMINAR 
SHEAR STRENGTH WITH THE 

VOID CONTENT OF GLASS-nLAMENT· 
WOUND NOL RINGS 

Reference was made earlier to the linear in
verse relationship which Hand (2) has demon
strated exists between interlaminar shear strength 
and \'f' ·'l c:nntent of ftat 2: I orthogonal laminates. 
In order to establish the relationship which 
exists between interlaminar shear strength and 
void content of glass-filament-wound NOL. rings, 
a statistical linear regression correlation analysis 
was performed on the data listed in Table 3. These 

TABU: 3 
Data fc1r Glass-Filament-Wound NOL Ring!' 
Arranged to Show that the lnterlarninar 
Shear Strength lnneases as the Void 
< :ontent Decreases* 

Rin~ 
(;la ss \ oicl lntcrlaminar 

Contcnl Contclllt Shear Strength 
:'l;umhcr 

(wt-'/0 (ml-~ ) ( ((fl psi) 
= .. 

!I - 5.211 9.S5 
:\o - 5.1111 9 .!12 

I· 10 - 4 .. ~11 10.55 
~ S:HI ·I.:.W 111.117 

:\2 - ~.60 I I .till 
12 - :\.511 I J.U:\ 
II x~u :uo I0.5K 
I;, ~2.!1 2.411 I I .41i 
29 - 2.1~ 1Ut7 
14 IH.8 J.tlCI 12.71 

\k#7 - 1.611 I 2. ~~~~ 

2 :~ - 1.10 13.116 
27 - 0 .70 12.7', 
24 s:,.2 ll.lj4 I:U7 
2:1 - 0.37 12.93 

.JR-1 76.0 0.411 13.114 

.JR-4 75.R U.IH I:LH 

.JR-2 75.0 0.1() 1 :uJ~ 

• tt.-•in s,·,tt·m. t:pun 11:.!1;( IIHII/ ~1:'\A(M:t)/1\ll~t..\( I); Cnn·. 

~ In at IIII'C (:.!:lll' t· ). :.! In .11 1-III'C (:.!ll·t 'C) . . nul:.! In .11 I ; ;,•c 
(:1·17' F); I ; las' S""'"'· S-!1!14 tiTS. 

+Ut•lt 'flllillt'cl In lilt· puinl·tuunt IIJt'lhml. 

data were derived from eighteen rings covering 
a range of void content values from 5.2 to 0.16 
vol-% and a range of interlaminar shear strength 
' 'alues from 9850 tc; 13.980 psi. The glass content 
in this series ' 'aried from 75 to 86 wt-%. 

Common to all of the rings are the resin and 
glass systems shown in the table note. The 
rings were wound by a \'<Uiety of diverse winding 
processes, which might be expected to introduce 
V<lriable~ inftuencing the correla<ion. For example, 
JR-I,JR-2. andJR-4 were dry wound on a Lamtex 
winding machine using 18 strands and were 
vacuum resin impregnated ;, situ, or batchwise, 
then cured. The Mc#7 ring was one of a set 
fabricated by a proprietary winding process which 
produces rings having low void contents (I I). The 
details of this proces!> are not known, except lh.lt 
no \'acuum is involved. The rest of the series were 
wound on the experimental single strand winding 
equipment. that was described in this report in 
the course of experiments directed toward mini
mizing the void content of the composites. The 
process variations included ,·acuum resin impreg
nation, mechanical working of the strand over 
guide rolls and pulleys, and strand vibration. 
From this it is nll\'ious that no attempt was made 
in the selection of the specimens 'to resu·ict the 
number of variables involved. 

The correlation coeHicit:nt r for this set·ies was 
<·akulatcd to be 0.98. which indicated a highly 
significant relationship between in!erlaminar 
shear strength and void content. Figure 16 shows 
the data plotted and also the least-squares re
gression line fitted to these data. The equation 
for this line showing the relationship hctwecn 
the two variables is 

Ys, = 13,550- 724.7 Xr 

where Ys, and X,· arc the intcrlaminat· shear 
strcnhrth and the volume-pen:cnl void content. 
respel·tivcly. 

The close flt of I he regression line to 1 he plotted 
data seems to confirm a linear inverse relationship 
IJCtween the two \'ariables as was shown hy Hand 
(2) fur flat 2: I orthogonal laminates. An examina
tion of the data, partkularly in the region of low 
void content (less than I vol-%) indicates. how
ever. that perhaps a t:urve would fit the data better. 
A least S<luares regression analysis was performrd 
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on the data in Table 3 to obtain the second-order 
e<JUation 

Y.~, = 13,670- 889.5 X v + 34.6 X~ 

for the relationship between the t.wn variables. 
The second-Prder regression curve fitted to the 
data (Fig. 17) also indicated a high degree of fit. 
The standard deviations c:akulated fcJr the two 
equations were 270 and 260, respecti\•ely, indi
cating little significant difference between the fit 
of these equations In the dat;t; hence the linear 
inverse relationship appean tn adequarely de
scribe the correlation between the two variables. 
Howc\'er, more data is needed in the void-content 
region below I vol-% to definitely establish the 
intercept at 0 vol-%. Such inf(,rmation would be 
useful in determining whether the gain in inter
laminar shear strength would warrant further 
efforts in reducing the \'oid content, particularly 
if elaborate modific.ttions in the winding system 
arc required. 

Glass-content data were available for only eight 
of the rings. The calculated wrrelation coefficient r 
was 0.5, which indicated that the correlation 
between the intcrlaminar shear strength and the 
glass content was poor. However, since the calcu
lation was based on limited datil, this conclusion is 
only tentative. These analyses appear tn establish 
the void content as the prin1ary factor inHuencing 
the interlaminar shear strength of these structures 
and other variables such as glass content ha,•e 
only a second-order effect. 

It m;ty also be deduced from this analysis that 
the high degree of correlation between the ' 'oid 
c:ontent and the interlaminar shear strength 
is indire<·t supporting e,·idence of the precise
ness nf the point-count method for the quantitative 
measurement of the void content of composite 
struc:turcs. Such dose correlation would not be 
likely unless the method was reasonably precise. 

CONCLUSIONS 

A statistical point-count method adapted from 
petrographic modal analysis is belie,·ed tu be a 
more precise. rapid, and \'ersatile research method 
f(,r void-content determinations in filament
wnu•ld nunposites than other technictues presently 

being used, especially at low-void-content levels 
(<I vol-%). Further study is needed t.o determine 
the accuracy of the method. 

Filament-wound NOL rings with low void con
tent (<I vol-%) can be fabricated by a continuous 
single-strand winding process in which the resin 
is impregnated at reduced pressure with a vacuum 
applied only to the resin bath. More work is 
needed to determine if the vacuum process is 
feasible for multiple-strand fabrication of larger 
structures. 

At least for the experiments performed on 
this prc~ect, working of the glass strand by means 
of guide rolls and vibration during resin im
pregnation, either at atmospheric or reduced 
pressure, is not as effective in decreasing the void 
content of glass-filament-wound NOI. rings as is 
the vacuum resin impregnation technique alone. 

A linear inverse relationship exists between in
lerlaminar shear strenbrth and the void content 
of filament-wound NOL rinbrs. More data are 
needed to determine if this relationship is valid 
fc>r values of void content less than I vol-%. 

The void cnnlt' nt of these structures is the 
primary f~tctor influencing interlaminar shear 
slrcngth, and other ntriables such as glass content 
appear to have only a second-order eAect. 

Numerous built-in Haws which may be potential 
stress concentrators and abrasive agents arc 
present in the commercial glass yarn used in fila
ment winding technology. Tnese flaws are readily 
revealed by examination of the yarn under a light 
microscope. 

The high degree of correlation between the in
terlaminar shear strength and void content de
rived from a statistical regression correlation 
analysis is indirect evidence that the point-count 
method for the quantitative measurement of void
content of composite structures has a relatively 
high degree of precision. 
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